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performance of potential substitutes for all major applications of the different elements (Greenfield and Graedel 2013) . Their central finding is that no element can be completely replaced by others, making each element a unique and important contributor to modern technology.
These specialty metals may face supply constraints in the future, not just because of limited mineral resources, but also because of mismatch between demand and available production capacity (Gerling et al. 2004 ). Moreover, they may be subject to trade restrictions due to export limitations imposed by individual countries. As resources are getting depleted and ore grades decline, the costs of extracting a mineral will increase, though future scarcity is often not reflected in commodity prices at present (Prior et al. 2012) . Regional resource scarcity, regional production capacity, regional policies, and international political relations strongly influence future availability and trade patterns for critical materials (European Commission 2010). To anticipate possible future development, one needs prospective assessment of the anthropogenic cycles of specialty metals (Pauliuk and Hertwich 2015) , without attempting to predict the future. A scenario analysis of future supply of critical metals is a more modest and scientific approach than a prediction; it enables researchers and policy makers to study the consequences of future economic development on metal reserves and possible futures and supply shortages in different regions. Such a scenario analysis could provide the basis for dynamic assessment of material criticality, as proposed by Knoeri et al. 2013) , by applying the criticality framework developed by Nuss et al. 2014 ) in a prospective model.
Existing approaches to estimate future metal flows and resource depletion
Estimating the time when current mineral resources will be depleted requires a scenario analysis of metal demand on the global scale and with a long-term perspective. While new for critical metals, this type of analysis is commonly applied to bulk materials including steel, cement, and aluminum. Some integrated assessment models (IAM), for example, consider energy-relevant bulk materials like steel and cement, but not critical materials. This can be seen from the 5th AR of the IPCC, where scenarios for GHG emissions from material production generated by IAMs are presented, but criticality aspects are not quantified (IPCC 2014) .
Dynamic stock modeling and material flow analysis (MFA) can be combined to produce prospective studies of future global demand for bulk materials. It has been applied to steel (Hatayama et al. 2010; Pauliuk et al. 2013 ) and aluminum (Liu et al. 2012) . The approach was refined to allow for the study of critical materials , but it has not yet been applied to potentially critical metals on the global scale. For specific sectors, especially electricity generation from renewable sources, prospective studies for total metal demand exist for silver, gallium, germanium, selenium, indium, tellurium, neodymium, and dysprosium (Zuser and Rechberger 2011; Graedel 2013, 2014; Roelich et al. 2014; Løvik et al. 2015) . These studies found potential supply shortages in different deployment scenarios for silver, tellurium, indium, and germanium.
Interconnections between host and by-product metals are increasingly recognized as a main component of criticality Frenzel et al. 2015; Peiró et al. 2013; Mudd et al. 2013b; Graedel and Reck 2015; Løvik et al. 2015) . The previously mentioned MFA studies focused on quantifying flows of critical metals and potential imbalances between co-products of mining, but are lacking a clear link to models of total available resources and mining capacity. We believe that this link is of particular interest for critical metals, which are mainly extracted as by-product, because their future supply might still be bound to the mining developments of the host metal(s). Of particular concern are situations where new deposits enter production for their respective main metals, which contain no or insignificant amounts of the critical metal of interest.
Multiregional input-output analysis (MRIO) contains comprehensive information on international trade and it can be used to trace materials through the global supply chain, both in demand-driven (critical material footprint of final demand) and supply-driven models (distribution of critical materials across final products). Examples for the former include the study of neodymium, cobalt, and platinum footprint of Japanese households (Shigetomi et al. 2015) and for the latter they include the approach by Moran et al. (2014) , who use a supply-driven model to trace a conflict mineral through the world economy. MRIO is suitable for making demand scenario analyses, because it contains 'recipes' based on coefficients denoting the amount of input required by unit of demand. From this information, product-specific demand scenarios and critical metal intensity of production scenarios can be created.
Mining development
The location and type of future mines of host metals will determine the supply of critical metals that are not mined as main product, because a new project for extraction of the host metal does not necessarily provide enough quantities of the companion metals to help match demand.
Factors that can influence the choice of where to expand capacities include ore grades, available infrastructure, environmental issues, relations with the local communities, political and social stability (Mudd et al. 2013b; Prior et al. 2012) . These factors can be broadly divided into two categories: (1) the mineralogy of the deposit, which determines the grades, the recovery rate of by-product, and environmental issues. Cobalt recovery rates from by-products of copper and nickel mining can vary from 25 to 80 % depending mostly on the type of deposit, while at the same time, potential mines where cobalt could be recovered as main product would rely on arsenic-rich ores and that would have to be managed carefully (Mudd et al. 2013b ).
(2) The location and surroundings of the deposit which include the accessibility, land ownership rights, and political stability. For cobalt, the Democratic Republic of the Congo has been the main supplier but its instability is known to have influenced cobalt price (Seddon 2001) , and electricity shortages are known to influence the amount of cobalt refined in Congo (USGS 2014).
Future production of fossil fuels is usually modeled using 'ultimately recoverable resources' models, and a similar methodology has recently been applied to copper (Northey et al. 2014) . The model by Northey et al. only takes into account the ore grade when deciding where to install new mining capacity. We believe that the attractiveness of the deposit location should also be taken into account. The Fraser Institute yearly publishes a survey of mining companies from which the Investment Attractiveness Index (IAI) is derived, which can be used to rank countries and jurisdictions. It has two components: (1) the Policy Perception Index that looks at policy factors influencing investments and (2) the Best Practices Mineral Potential Index that rates the pure attractiveness of the jurisdiction's geology (Cervantes et al. 2014 ).
Research gap and goal
There is a lack of prospective modeling tools to estimate future global demand for critical materials in different regions. Models to indicate how fast known resources may be depleted in different regions are available but the investment attractiveness of different regions has not been taken into account.
The goal of this work is to demonstrate the usefulness of IO-based techniques for quantifying the future flows of critical metals, and to combine IO with dynamic stock models to make it respect physical boundaries that are absent in standard Leontief IO modeling. We show how a static MRIO table can be used to estimate future critical material demand and develop an optimization routine to determine the location of new mines under geological and policy constrains.
Scope
This paper focuses on the global demand for and supply of cobalt, a potentially critical metal mainly used in high performance alloys but also in lithium-ion batteries and catalysts.
A hybrid MRIO model based on the EXIOBASE v2.2.0 multiregional supply and use table was built to estimate cobalt demand in different regions (Wood et al. 2014 ). Extraction of cobalt can happen in several regions of the world. To match supply and demand for cobalt, we apply an optimization routine that determines in which regions and in which mine types resources are extracted and where new mining capacity will be installed. To do justice to the by-product nature of cobalt (Co) that is extracted from copper (Cu) and nickel (Ni) ore, we consider seven type of resources: one for each combinations of the three metals that can be present in a deposit at the same time (Co, Cu, Ni, Co-Cu, Co-Ni, Cu-Ni and Co-Cu-Ni). This optimization model determines where the mining of cobalt is more likely to happen by considering regional mining capacity by mine and the IAI from the Fraser Institute to model mining risk.
The rest of the paper is structured as follows. Sect. 2 introduces the model approach and the data used. Sect. 3 presents the results for several scenarios. Sect. 4 discusses the findings and the model and Sect. 5 concludes.
Methods
Cobalt is used in many different applications and often in small quantities. To link future human development with cobalt demand one needs a model that allows us to trace the flows of cobalt through the entire world economy to link final consumption with resource demand. This task is commonly solved using multiregional input-output analysis (MRIO) (Miller and Blair 2009) . Different MRIO models, including WIOD, Eora, and EXIOBASE are available (Tukker and Dietzenbacher 2013) and for the purpose of this study we need an MRIO model that contains detailed information about the metal industries. We chose EXIOBASE because it contains six different metal production sectors (cobalt is part of the 'other non-ferrous metal' sector) and seven different metal mining sectors, including separate sectors for copper and nickel ore mining.
A general disadvantage of the MRIO approach when applied to critical materials is that tracing critical materials through IO tables requires gross assumptions about homogenous product mixes, as the aggregation level of I/O is usually so high that it does not allow to distinguish specific critical metals from the bulk of nonferrous metals. The source of product inhomogeneity is twofold. First, final products cover a very wide spectrum of devices, which are aggregated into a few sectors. EXIOBASE2, for example, contains only nine types of manufactured goods (Wood et al. 2014) . Second, the critical materials are commonly aggregated together into the non-ferrous metal sector, or to even higher levels. Disaggregation of individual metal sectors in IO tables, as shown by Hawkins et al. (2007) , Nakamura et al. (2008) , Nakajima et al. (2013) , Ohno et al. (2014) , has been done at the country level, but requires very detailed data that are usually not available for critical metals on the global scale. Moreover, MRIO tables represent oneyear snapshots of the world economy or short historic time series only, and there is no standard procedure for how to extrapolate these tables into the future.
The big advantage of tracing critical metals in MRIO tables is that the magnitude of their flows is usually much smaller than the magnitude of the aggregated nonferrous metal flows they are part of. In our case for example, the share of cobalt in the total output of other nonferrous metals is less than 2.6 %. 1 Hence, critical material flows can be considered as perturbation or extension of the nonferrous metal sectors, and instead of properly disaggregating the A-matrix, it is sufficient to hybridize it by adding the data on the physical cobalt requirements of the different cobalt-consuming sectors and to calibrate the hybridized model so that the figures for cobalt use for the reference year are met.
MRIO tables represent one-year snapshots of the world economy, and there is no standard procedure for how to extrapolate these tables into the future. Still, scenario development for A-matrices is common in the literature (Leontief and Duchin 1986; De Koning et al. 2015; Hertwich et al. 2015; Gibon et al. 2015) . To build scenarios for future cobalt demand, we start with the calibrated hybridized model for 2007, and extrapolate it into the future by scaling up final demand according to existing scenarios for regional average GDP growth rates published by the OECD (2015). These are broken down by distributing the global growth rates into the different sectors using historic sector-specific income elasticities for the period 1995-2011. This procedure does not take into account substantial changes in technology, demand structure, and trade patterns, which can be expected for the future. It therefore only provides a rough indication of possible future cobalt demand. A similar pathway was taken by Nakamura et al. (2014) , who assumed a constant use pattern of steel throughout the 21st century in absence of detailed steel usage scenarios. To compensate for the simplicity of our basic scenario assumptions, we perform a sensitivity analysis on the global economic growth rate and the copper intensity of the world economy, which directly impacts cobalt supply from copper mines.
To understand how the metal demand derived from our hybrid-MRIO model can be matched, a mining optimization routine is developed to determine in which region and from which deposit the extraction shall happen. It is based on linear programming and assumes that mine production should happen preferably in regions that are perceived as less risky by mining companies. Table 1 gives an overview of the assumed development for economy, technology, trade, mining risk, cobalt intensity, and mining that are used to build the scenarios for cobalt demand and supply between 2007 and the year 2050. The different parameter changes are explained below. Table 2 gives an overview of the scenarios we defined. Scenario 1 considers a regionspecific mining risk for determining mining output whereas this component is ignored in scenario 2. Both scenarios come in two versions, where cobalt is considered a byproduct and cobalt demand does not enter the optimization as constraint (a), and a version where Cu and Ni mining capacities are installed by taking Co supply into account.
Scenario development: economy, technology, and trade

Details of model computation
The model to link final demand for products and services to the depletion of cobalt resources consists of several parts ( Fig. 1 ). Below, each step is explained in detail. For a full description of the methodology we refer to the Additional file 1.
Step 1: Estimating future final demand across all sectors and regions
Our simple scenario to project future cobalt demand is based on a final demand increase according to GDP growth projections. These projections were retrieved from the OECD until 2050 and aggregated if necessary following the regional aggregation of the MRIO model (OECD 2015) . Some historical values of GDP were also retrieved from the World Mining Constant regional and mine type-specific ore grades are assumed and correspond to depositwide average for each mine type in each region Mining capacity is increased endogenously
Cut-off grade
Cut-off grade, the minimum grade at which the metal can be economically extracted, is an important parameter for the mining industry and gives the amount of metal that can be extracted from the known reserves. Therefore, cut-off grade determines new refining capacity (optimized for the given cut-off grade) and regional distribution of extractable resources, which should be included into the model as capacity is bound to a given concentration of metal in ore and global mining risk is bound to the new distribution of extractable resources. The model, however, consider that each region have a constant ore grade for their resources, since all identified deposits (under extraction or not) are aggregated to model one mine at the regional level. It means that marginal mining capacity and production is bringing in line at regional average ore grade Bank (2015) . Some countries/regions were not listed in the OECD dataset. Their GDP growth was assumed to be the same as the average growth of non-OECD countries.
Using the time series for multiregional final demand for the years 1995 and 2011 (EU DESIRE Project 2013), we determined historic sector-specific growth rates over these 16 years, which were used as proxy to determine future income elasticities to distribute the overall GDP growth in a country across the 163 sectors of the MRIO model (cf. section S1-1 in the Additional file 1). We believe that keeping a product-specific growth rate is better than growing demand only with GDP growth, because some sectors grow faster than others as countries get richer and this impacts metal demand. At the same time, it is hard to say which demand for products will grow more or less, because of not only new technology but also lifestyle and 'level of development' and income level. For those reasons, we kept the productspecific growth at the world average to take into account and attenuate those effects.
Steps 2 and 3: The hybrid MR-SUT and hybrid MRIO model
The core of the supply chain model is a MRIO model (Miller and Blair 2009 ). The MRIO model was built from the EXIOBASE multiregional supply-and-use table (MR-SUT) v2.2.0 (Wood et al. 2014) . The reference year is 2007, the unit is million EUR, the 48 countries and regions were aggregated into 20 world regions, and the number of commodities and industries per region is 163.
The hybrid model is built starting at the supply and use level. To the MR-SUT, one industry was added for each region: Refined cobalt production, supplying one main product: Refined cobalt, as shown in Fig. 1 . Regional and sector-specific use of cobalt is estimated for 2007 using balancing algorithms and regional estimates provided by the Cobalt Development Institute and the United States Geological Survey (USGS) to match the global demand and global use pattern for cobalt. For more details regarding the procedure, we refer to section S1-4.1.1 in the Additional file 1. Use of cobalt is denoted at the intersection between the domestic refined cobalt product and the domestic cobalt using industries. And supply of cobalt is denoted on the diagonal as each producer of refined cobalt supplies its total amount of cobalt to the domestic markets. We did not determine any trade pattern for cobalt, since we are only interested in the global demand for cobalt and a matching level of supply.
To avoid double counting, background economic data need to be corrected by the amount of disaggregated production happening in the foreground using cobalt price information and inputs to cobalt production shall also be taken out from the background. Here, this is however not done for three reasons: (1) the main issue being that the SUT structure does not match perfectly the estimated use of cobalt. For example, certain industries that we know are using cobalt, do not require any 'Other non-ferrous metal' in the SUT, and hence the cobalt flow cannot be disaggregated. (2) Estimating the price of a single commodity flow is difficult: price information that can be found for refined cobalt comes as market price, which is different than the valuation of the SUT in basic prices. (3) The global value of refined cobalt represents only about 2.5 % of the global value of the 'Other non-ferrous metal' sectors, and hence, the error introduced by the hybridization is very small.
A detailed description of the hybridization is contained in section S1-4.3 in the Additional file 1.
Step 4: Extraction model
A linear program is applied to determine which mines will be exploited to supply the metals. It aims at minimizing the global mining risk of supplying metal. We define the mining risk as being the complement of the IAI provided by the Fraser Institute (Cervantes et al. 2014) , which measure the attractiveness of a jurisdiction for mining companies. The core equations of the model are shown below.
where M is the number of mine types, C m is a column vector representing the mining risk of mine type m and its length equals the number of regions. P m is the mine production vector determined by the linear program. It gives the amount of ore extracted in mine type m in the different regions and it has the same length as C. G m is the ore grades matrix of mine type m. It gives the average ore grade of the different metals (cobalt, copper, and nickel in our case) in the ore of mine type m in the different regions and has dimension number of metals studied times the number of regions. D represents the demand of the different metals that need to be mined. The last two equations set the bounds for the production vector: it has to be positive and should be lower or equal to the mining capacity L m that is a vector of the maximum amount of ore that can be extracted from mine type m in the different regions. Additional file 2 provides the values for all parameters that are used in this work.
We are interested in assessing the future supply of cobalt, which is mostly extracted as by-product of copper and nickel mining. To reflect this by-product nature of cobalt, the model shown in equation 1 is solved by only considering copper and nickel demand. The obtained output vector P is then multiplied with the cobalt grade of the different mines to determine the amount of cobalt that can be supplied. The resulting cobalt output is compared with cobalt demand. An alternative scenario would be to say that in the future, more emphasis will be put on meeting cobalt demand upfront. In that case, cobalt demand enters the linear program along with copper and nickel demand.
It is worth noting that average ore grades also influence the cost of extraction: If the ore grade of two mines mining only copper differs by a factor of ten but both mines show the same cost for extracting one ton of ore, the model will choose the one with higher grade since it can meet the copper demand 10 times 'less risky' than the low grade mine.
Step 5: Cobalt, copper, and nickel resources and the capacity constraint
The only operating mine with cobalt as main product is the Bou Azzer mine in Morocco. Therefore, cobalt supply is highly dependent on demand for nickel and copper, as these metals represent the main revenue streams for the mining company exploiting the deposit. This by-product nature couples the amount of cobalt that can be extracted to the demand for copper and nickel and might lead to imbalances between supply and demand. To model resources of copper, nickel, and cobalt, seven types of deposits/mines were defined: deposit that consists of only cobalt, copper or nickel, the ones that have two co-products cobalt-copper, cobalt-nickel, and copper-nickel, and the deposits that allow extraction of the three metals together.
The assessment of resources for those mine types is performed using the extensive data gathered by Mudd and Jowitt (2014) and Mudd et al (2013) , which consists
of detailed information on all deposits, being currently exploited or not, that contain nickel and copper, respectively (Mudd and Jowitt 2014; Mudd et al. 2013 ). The two databases should overlap when copper and nickel are both present, however, the names and deposit sizes do not always correspond between the two datasets. In case of conflict, we use the information from the nickel database as it contains more recent data. The mines/ deposits in the databases are split into the seven groups defined above. The amount of each of the three metals in each deposit is determined by the reported amount of ore and the ore grade of the different metals in presence. Data gathered at the deposit/mine level in each countries are aggregated under the regions defined by the MRIO model and average concentrations for each metal are calculated in each regions for each type of mine. This inventory allows us to build the grade matrices for each mine type m, G m , which give the amount of metal that can be extracted per kg of ore mined in each region and the reserves in ore in each type of mine m in each region, R m .
Each year, resource depletion is determined by subtracting the mine production of the previous year from the reserves. New mine capacity is installed following some simple rules. First, each year, each mine type in each region increases its capacity by 3 %. Furthermore, if the capacity utilization rate of a mine is higher than 80 % and the mine has more than 20 years of operating time left at current capacity, then this mine is allowed to increase capacity by 20 %. Finally, we make sure that the mining capacity cannot be bigger than the remaining ore reserves.
Results
World cobalt demand
For the basic growth scenario, global annual cobalt demand increases from 50 kt/yr in 2007 to 110 kt/y in 2030 and 190 kt/yr in 2050, which is a roughly fourfold increase over the modeling period (Fig. 2) . According to that scenario, the Chinese economy will remain the largest cobalt consumer and its share in the global cobalt consumption will increase from about 20 % in 2007 to about 35 % in 2060. As constant technology was assumed, cobalt demand scales proportional to GDP growth. Other economic regions like Africa or Indonesia will experience annual growth rates of up to eight and 6.5 % in Fig. 2 Economy-wide demand for cobalt, by region, for the baseline scenario (sector-specific weighted economic growth and constant technology). Black-dashed lines show the global cobalt demand under high and low economy growth (scenarios 5a and 5b) 2010, but with the A-matrix we used, their cobalt demand will be mostly satisfied by imports of cobalt-containing products. Cumulative cobalt demand in ore that needs to be extracted for the period 2007-2050 amount to about 6300 ktons, which is about 40 % of the estimated total cobalt reserves of 16 Mt that are known and recoverable, mostly from copper and nickel mines (Mudd et al. 2013 ).
Projections of future supply of cobalt, copper, and nickel
We present results for only a selection of the most interesting scenarios, the complete set of figures and results for all scenarios can be found in Additional file 3. While there is enough known cobalt in the ground to meet demand until 2050 at least, a significant share of it is likely to come from politically instable regions, such as the Democratic Republic of the Congo, which increases the supply risk of cobalt (Fig. 3) .
According to the solution of the linear program for metal supply for scenario 1a, RoW Africa, of which the Democratic Republic of the Congo is a part, supplies about as much cobalt as all other world regions together (Fig. 3 left) . In this scenario, there is ample supply of cobalt as unconstrained by-product from copper and nickel mining for the years after 2015, which means that not all by-products from copper and nickel mining have to undergo Co-recovery. If the mining output solution is constrained to exactly meet cobalt demand (Fig. 3 middle) , the contribution of RoW America to global cobalt supply shifts Fig. 3 Supply of cobalt, copper, and nickel for three selected scenarios, by region. The three scenarios 1a, 1b, and 3a consider a country-specific mining risk. Left Cobalt demand does not enter the optimization. Middle Cobalt demand is included in the optimization. Right RoW Africa drops out as metal ore supplier between 2020 and 2035, cobalt demand does not enter the optimization towards the end of the modeling period, and RoW Africa and RoW Asia become the largest suppliers for 2015-2045.
A drop-out of one major cobalt supplier, here RoW Africa, would lead to a supply shortage of cobalt of about 20 % of global demand, provided the mining mix in other world regions did not change or previously unused tailings from Co and Ni mining were not used to produce cobalt (Fig. 3 right) .
While the contributions of the different regions to global cobalt supply change significantly between the three scenarios, there is not much change in the regional pattern for Cu and Ni supply. Cu supply is dominated by RoW America, especially from Chile, and Ni supply is split rather evenly across RoW Asia, RoW America, Indonesia, Russia, and others. The drop-out of RoW Africa in scenario 3a is hardly noticeable in the Cu supply mix.
Cobalt is a typical accompanying metal. Future cobalt supply will be almost entirely met from the by-products of copper, nickel, or copper-nickel mines. More than 90 % of the cobalt will come from cobalt-copper and cobalt-nickel mines, while a fraction of 5-10 % comes from cobalt-copper-nickel mines (Fig. 4) .
While the cobalt-nickel and cobalt-copper-nickel mines will account for 30-60 % of global nickel supply in the different scenarios, the mines with co-production of metals play almost no role in global copper supply. In Fig. 4 , copper and nickel supply always meets demand because during the entire modeling time there is always sufficient supply from mines which have copper and nickel as their respective main product. Fig. 4 Supply of cobalt, copper, and nickel by mine type and scenario. Same scenarios as shown in Fig. 3 In the scenarios where cobalt supply is not part of the optimization routine, only a fraction of the cobalt needs to be recovered from the accompanying metals of copper and nickel mining. This fraction lies around 60 % for most of the modeling period (Fig. 5) , and it is slowly declining, which is because cobalt-rich mines tend to be located in regions with higher mining risk, which are exploited in later years. Mudd et al. esti mate that about 67 % of the Co contained in the deposits with reliable data can be economically recovered (Mudd et al. 2013) , which would mean that in our demand scenarios 1a, 2a, and 3a, all cobalt-containing by-product fractions would have to undergo cobalt recovery. Between 2046 and 2050, depending on the scenario, there is not enough copper resources left to justify the required capacity increase to match copper demand, Fig. 5 indicate supply shortages because the determined 'low risk' extraction pattern does not contain enough Co in the extracted ore to match global demand. However, from the mine capacity plot for scenario 3a (in Additional file 3), we can see that even in the period of shortage of cobalt supply, the installed mining capacity can provide enough cobalt to match demand. That means that there is enough capacity to rearrange the extraction pattern to match global demand, albeit at higher mining risk. Table 3 shows the world refinery production figures compiled by the USGS and from our own model calculations (USGS 2014) . It shows that the hybrid-MRIO seems to underestimate the projection of future cobalt demand when compared to reported values by the USGS.
Discussion
Comparison of MRIO-scenario with the actual development for 2007-2012
Furthermore, a brochure containing a cobalt market forecasting report by Roskill presents a growth estimate of more than 6 % per year for cobalt demand worldwide up to 2018. The authors of this brochure also expect the cobalt demand to reach over 11,000 tons/year in 2018 (Roskill 2014) , whereas our base scenario only estimates a demand around 76,000 tons/year. Comparing our results with both the USGS and Roskill's numbers leads to the same conclusion that our projection for cobalt demand may underestimate growth in the near future, and the depletion of known resources might proceed event faster than we anticipate. A main reason for the accelerated use of cobalt could be its increasing application in new technologies, as pointed out in the introduction. Accelerated growth could be reproduced by the MRIO model by adjusting the coefficients of the A-matrix, as demonstrated by Leontief and Duchin, for example (Leontief and Duchin 1986) .
Cobalt as a by-product of copper and nickel mining
Cobalt supply is dependent on sufficiently high copper and nickel demand. Our scenario calculations show that in a setting where cobalt supply is of no concern, the extraction pattern with minimal global political risk will lead to ample supply of cobalt in the byproducts of copper and nickel mining. If major resources like the ones in the Democratic Republic of the Congo seize to supply the world markets due to political unrest, however, this is likely to affect copper, nickel, and cobalt supply alike and new supply patterns with potentially higher political and investment risk will have to be found to ensure that demand for these three metals can be met. While we could not find evidence for problems with cobalt supply in the next three decades, mainly due to corresponding high growth in copper and nickel demand in our scenarios, this may not be the case for accelerated cobalt use, for example, due to a massive upscaling of the production of cobalt-containing magnets or lithium-ion batteries. The future supply of special metals requires close monitoring of demand trends, a comprehensive assessment of mineral resources and refined modeling techniques to generate scenarios for metal supply as basis for investment and resource policy.
Limits of the demand model
EXIOBASE is the only one of the available MRIO models that contains separate sectors for copper and nickel mining; only cobalt demand had to be disaggregated from other nonferrous metals. Since all three studied metals are traded on global markets, their prices can be expected to vary across narrow ranges only and we therefore believe that the use of a monetary IO model as basis for modeling physical metal demand can be justified. The larger challenge lies in the creation of meaningful scenarios for the MRIO A-matrix and final demand. Our simple attempt shall give a first impression of possible future cobalt demand under the assumption that the present structure of the world economy is preserved. Our estimate for final demand could be refined using sector-specific income elasticities. Scenarios for the future A-matrix are relevant for a very wide range of applications, not only for our study. We argue that there should be a systematic, transparent, and inclusive effort by the IO community to generate scenarios for future MRIO tables, including data generated by integrated assessment models and studies of the possible efficiency and material requirements of future technology. This development is already ongoing, and first results include the THEMIS model for renewable energy supply and the scenario work on climate change mitigation by Koning et al. (2015) . Scenarios for future trade patterns, which enter the multiregional A-matrix, can be determined using the gravity model of trade (Tinbergen 1962) or, to determine trade patterns that follow a certain objective, the world trade model Duchin 2005; Strømman and Duchin 2006; .
Better data on the share of cobalt in the nonferrous metal consumption of different economic sectors are needed to produce more trustworthy demand estimates. Since this information is not part of macroeconomic statistics, it could be estimated using process inventory databases like ecoinvent (www.ecoivent.org), the bilateral flows of cobalt embedded in the different commodity groups determined by Nansai et al. (2014) , and the end-use sector split estimated by Harper et al. (2012) . As resource scarcity and material criticality become more established on the political agenda, more detailed statistics on inter-industrial metal use may become compulsory in the future, as it is already the case for the use of potential conflict minerals in the US (Securities and Exchange Commission 2012).
Limits of the resource supply model
We used an aggregated representation of copper, nickel, and cobalt resources with 20 regions and seven resource types to determine regional patterns of resource extractions. More sophisticated and site-specific extraction models, like the one developed by Northey et al. can give a more detailed picture and may contain a more realistic and site-specific representation of capacity extension and the development of new mining projects (Northey et al. 2014) . It would also allow us to take into account the cut-off grade to determine the economically recoverable amount of resources. This is particularly important for cobalt as deposits with higher grade in copper or nickel, which would probably be exploited first, do not necessarily have high cobalt grade at the same time, therefore what can be true at an aggregated level might not be the same at the deposit scale. Investment and supply risks have a site-specific component, too. They not only depend on the political climate of the hosting country but also on how the operator interferes with local ecosystems and how local communities react to pollution, land use change, or relocation of people. A better index taking into account country and site-specific considerations could be therefore developed, which could also include the mineralogy of the deposit and the associated environmental risk. Examples for environmental risks include the extraction of radioactive by-products (thorium in case of Dysprosium) and the arsenide nature of ores where cobalt is the main metal (Elshkaki and Graedel 2014; Mudd et al. 2013) .
Scenarios for cobalt trade
Next to the location of cobalt-producing mines, the trade pattern of cobalt, which is outside the scope of this work, is another determiner of the global cobalt supply chains and the supply risk of individual countries. What determines trade relationships? Srivastava et al. concluded that political instability negatively impacts the amount of exports of a country, and that trade flows are especially large between countries with colonial relations in the past (Srivastava and Green 1986) . Morrow et al. found that democracy and common geopolitical interests increase trade, but strategic alliances not necessarily do so. Pollins argues in the same way by saying that trade is significantly influenced by broader political relations (Morrow et al. 1998 (Morrow et al. , 1999 Pollins 1989) . More recently, Umana Dajud classified the political proximity of countries according to the correlation of their votes in the UN, differences in forms of government, and ideological distance of citizens, and found that political differences impact trade relations (Umana Dajud 2013) . Another important aspect is the increasing willingness of the international community to stop the protracting effect of specialty metal ore export on regional conflicts, for example, the export of tantalum-containing minerals from the Democratic Republic of the Congo (Moran et al. 2014), which may alter global trade pattern.
Future trade modeling needs to bridge the gap between these qualitative findings and their application in quantitative trade models such as the gravity and the world trade models Duchin 2005; Strømman and Duchin 2006; . Currently, our model does not contain the refining stage of cobalt because we believe the location of refining to be of secondary importance, as refiners are much easier to relocate and expand than mines. Therefore, in our model, we did not consider any restrictions or risks associated with the trade of both ore and refined cobalt.
Recycling and dynamic modeling of the use phase of cobalt
Recycling is central to decoupling resource demand from economic development in regions with mature in-use stocks. With the high end-of-life recycling rate of cobalt [68 % were reported for the US (Graedel et al. 2011) ] and because in-use stocks of cobalt have been growing continuously, one can expect rising amounts of Co-containing scrap in the future. Comprehensive long-term scenarios for metal cycles need to address recycling and therefore need to include dynamic stock models not only for the mineral resources of cobalt, but also for the use phase of cobalt. The combination of dynamic stock models and IO models has been demonstrated already Kagawa et al. 2015) , and it was applied in an MRIO context by Hertwich et al. to estimate the turnover rates of energy installations . The combination of dynamic material stock models with input-output models with a by-product-technology construct, which would allow researchers to study how secondary materials can replace primary production, has to our knowledge not been attempted yet.
Conclusion
Estimating future resource depletion and its impact on the economy in different world regions is a complicated endeavor with uncertain results. Rather than trying to be complete in our assessment, we presented several elements that could eventually become part of a very comprehensive analysis of future material criticality. The elements we included are the global multiregional long-term scope, the consideration of both factor endowments (mineral resources) and mining risk, the decision of actors to expand or maintain production capacity, the coupling between main and accompanying metals, and the consequences of possible drop-outs of major suppliers on global supply chains. We showed that already with a stylized approach as used here, one can quantify the impact of economic growth and supply chain disruptions on resource depletion. Moreover, we extended existing methodology by combining MRIO with dynamic stock models of metal resources and by incorporating mining risk into a resources depletion model. These extensions may be relevant for applications in a different context.
